The relationship between type 2 diabetes mellitus and intestinal neoplasia has been shown epidemiologically. A high-fat diet (HFD) is also known to promote insulin resistance, which is a risk factor for intestinal neoplasia. Dipeptidyl peptidase-4 (DPP-4) inhibitors are used in the clinic for the treatment of type 2 diabetes and also to prolong the effects of glucagon-like peptide-1 (GLP-1). However, since the intestinotrophic hormone GLP-2 and chemokines, such as CXCL5 and stromal cell-derived factor-1 (SDF-1), are also substrates of DPP-4, DPP-4 inhibitors may increase the risk of intestinal carcinogenesis. In this study, we evaluated the impact of a DPP-4 inhibitor on intestinal tumorigenesis in Apc Min/+ mice fed a HFD. Six-week-old male Apc Min/+ mice were randomized to either a normal diet (10 kcal% fat) group, a HFD (60 kcal% fat) group, or a HFD group treated with sitagliptin (STG). The mice were euthanized nine weeks after the start of treatment. Daily treatment with STG did not increase number of intestinal tumors in the HFD group; however, this increase was not statistically significant. The mucosal concentration of total GLP-2 was significantly increased in the HFD group. The chemokine protein array showed elevated plasma concentrations of CXCL5 and SDF-1 in the HFD group. The administration of STG significantly suppressed the levels of plasma CXCL5 and SDF-1 in mice fed a HFD. Since CXCL5 expression is increased in patients with type 2 diabetes, and GLP-2, CXCL5 and SDF-1 are associated with tumor progression, DPP-4 inhibition may have potential as an agent for decreasing the risk of cancer in obese or diabetic patients.
Introduction
Currently, the number of patients with morbid obesity is increasing in Japan, as the Japanese population has encountered a fast and radical change in their way of life, among which are dietary changes that include the consumption of a high-fat diet. It is well known that morbid obesity is associated with insulin resistance and can increase the risk for developing diabetes mellitus type 2 (1, 2) . Consistent with these changes, the rates of pancreatic, colon, prostate and breast cancers, which are more frequent in Western nations, have increased in Japan (2-4). The World Cancer Research Fund and American Institute for Cancer Research assessed causal associations between certain variables and each type of cancer based on systematic reviews of epidemiological evidence, and it was suggested that body fat levels exceeding recommended values markedly increases the risk of colorectal, postmenopausal breast, esophageal, endometrial, pancreatic and kidney cancers (5) . Epidemiological studies have previously demonstrated that obesity increases the risk of colon cancer by 1.5-2.0-fold, with obesity-associated colon cancer accounting for 14-35% of the total incidence (6) . Overall, the risk of colorectal neoplasia is increased in individuals with a body fat level that exceeds recommended values, insulin resistance and type 2 diabetes compared with individuals without metabolic disorders (7) .
The gut incretin hormone glucagon-like peptide-1 (GLP-1) is secreted from enteroendocrine cells in response to ingested nutrients, and is a crucial determinant of blood glucose homeostasis due to its capacity to slow gastric emptying, increase the secretion of insulin by the pancreas, and suppress the secretion of glucagon by the pancreas (8) (9) (10) . Since GLP-1 is quickly degraded and deactivated by dipeptidyl peptidase-4 (DPP-4), DPP-4 inhibitors, including sitagliptin (STG), vildagliptin and saxagliptin, have been developed as therapeutic options for the treatment of type 2 diabetes (11, 12) . The processing product of proglucagon GLP-2 also acts as a substrate of DPP-4. GLP-2 is a pleiotropic hormone that has an effect on numerous aspects of intestinal physiology, including epithelial development, barrier function, digestion, absorption, motility and blood flow (13, 14) . Potent anti-apoptotic effects are exerted by GLP-2 in the gastrointestinal tract, resulting in GLP-2 being a promising focus when investigating novel therapies for the treatment of intestinal diseases. Since DPP-4 rapidly degrades and deactivates GLP-2, DPP-4 inhibitors are viewed as a novel method for treating of intestinal inflammation (15, 16) . It has previously been shown that DPP-4 inhibitors have a protective effect on indomethacin-induced intestinal damage in rats (17, 18) . However, in terms of colon carcinogenesis, exogenous and endogenous GLP-2 has been identified as a factor that increases colon carcinogenesis in azoxymethane-treated mice (19) . Furthermore, since DPP-4 also inactivates other chemokines that participate in tumor progression, including C-X-C motif chemokine ligand (CXCL) 5 and CXCL12/stromal cell-derived factor-1 (SDF-1), long-term use of a DPP-4 inhibitor may accelerate tumorigenesis in the intestine (20) . However, at present, the effect of DPP-4 inhibitors on intestinal tumors has not been determined.
Materials and methods

Animals and diets. Six-week-old male C57BL/6J-Apc
Min/+ /J mice weighing 18-22 (Charles River Laboratories Japan, Inc., Yokohama, Japan) were used in the present study. The animals were maintained in an animal colony with controlled temperature (23˚C) and light (12/12-h light-dark cycle) at the Osaka Medical College (Osaka, Japan). Mice had free access to chow pellets and tap water. The diets used in the present study were standard rodent chow (normal diet; ND) containing 10 kcal% fat and a high-fat diet (HFD) containing 60 kcal% fat (Charles River Laboratories Japan, Inc.). Ethical approval for the experiments in the present study was granted by the Animal Ethical Committee of the Osaka Medical College (Osaka, Japan) and all procedures were conducted according to the guidelines of the Institute for Laboratory Animal Research at Osaka Medical College.
Protocol for experimental procedures and tumor counts.
The following three groups of mice were used in the present study: ND; HFD; and HFD + STG (HFDS). The experimental design is shown in Fig. 1 . The effect of STG (0.3-3 mg/kg; intragastric gavage administration) on mucosal DPP activity was previously investigated, and it was reported that oral administration of STG dose-dependently suppressed mucosal DPP activity (17) . Therefore, in the present study, the DPP-4 inhibitor STG phosphate monohydrate (3 mg/kg; Carbosynth Limited, Compton, UK) was administered to mice by oral gavage every day during the experimental period. All mice were sacrificed at 15 weeks of age. Following sacrifice, the entire small intestine from the pylorus to the ileocecal junction was excised, opened longitudinally, and rinsed with ice-cold PBS. The entire small intestine was rolled up longitudinally using a wooden stick, starting from the ileum and working toward the duodenum, with the mucosa outwardly exposed, and fixed in a 10% formalin solution. Tissue sections (4 µm) were hematoxylin and eosin stained and analyzed by K.F. and T.I., who were blinded to the treatment groups. The number, size and localization of tumors were determined.
Measurement of plasma and mucosal GLP-2, plasma
CXCL5 and SDF-1. Mucosal scraped tissues were collected in lysis buffer (TBS containing protease inhibitors; Complete Mini: Roche Diagnostics, Indianapolis, IN, USA) with the DPP-4 inhibitor K-579 (Tocris Bioscience, Bristol, UK). Blood samples were collected into chilled Eppendorf tubes containing 1 µl each of 0.5 M EDTA and 100 µM K-579. The samples were immediately centrifuged at 3,000 x g for 5 min and their supernatants and plasma were kept at -80˚C until measurement. Plasma and mucosal total GLP-2 was measured utilizing a GLP-2 (mouse) ELISA kit (ALPCO Diagnostics, Salem, NH, USA) according to the manufacturer's protocol. Plasma concentration of CXCL5 and SDF-1 was also determined using a Mouse LIX Quantikine ELISA kit and a Mouse CXCL12/SDF-1 alpha Quantikine ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA), according to the manufacturer's protocol.
Analysis of chemokines.
A Mouse Chemokine Array kit (R&D Systems, Inc.) was used to simultaneously detect the relative expression levels of 25 different chemokines. The array was performed according to the manufacturer's protocol. Blots were developed using enhanced chemiluminescence and a Fujifilm Imaging System (LAS-3000; Fujifilm, Tokyo, Japan).
Statistical analysis. All data are expressed as the mean ± standard deviation (SD). The data represent five to six animals in each Min/+ mice were randomized to receive either ND containing 10 kcal% fat, HFD containing 60 kcal% fat, or HFD + STG at 3 mg/kg daily for 9 weeks. STG, sitagliptin; ND, normal diet; HFD, high-fat diet. Figure 2 . Body weight (g) of the mice over time during treatment. Chronic exposure to HFD and long-term treatment with STG in the HFDS group did not significantly affect the absolute body weight of mice compared with the ND. The body weight change (%) from the ND mice was not also affected. STG, sitagliptin; ND, normal diet; HFD, high-fat diet; HFDS, HFD plus STG; n.s., no significance. treatment group. Comparisons were performed using one-way analysis of variance or Kruskal-Wallis followed by Fisher's protected least significant difference test. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of chronic administration of STG on body weight, plasma glucose level and number of small intestinal tumors.
As shown in Fig. 2 , mice fed the HFD had increased mean gains in body weight compared with mice fed the ND (ND, 20.5±0.4 to 24.3±1.2 g; HFD, 20.8±1.5 to 26.1±3.0 g), although the gains were not significantly different. The administration of STG did not affect the body weight in the mice fed the HFD. Mean body weights prior to euthanasia were 23.7±3.7, 23.8±3.5 and 24.8±3.2 g in the ND, HFD and HFDS groups, respectively. Plasma glucose levels measured pre-sacrifice were 264.4±51.4, 252.8±5.9 and 264.8±29.5 mg/dl in the ND, HFD and HFDS groups, respectively, and were unaffected by the administration of STG in mice fed the HFD. According to a previous study, Apc Min/+ mice developed polyps mainly in the small intestine (21) . The mean number of small intestinal tumors was 8.0±1.6, 10.8±1.8 and 7.2±3.9 in the ND, HFD and HFDS groups, respectively. The administration of STG decreased the actual mean number of small intestinal tumors, although not to the point of statistical significance (P= 0.086; Fig. 3 ).
Concentration of plasma and mucosal GLP-2.
No significant difference was identified in plasma GLP-2 concentrations among the three treatment groups, whereas the concentration of mucosal GLP-2 was significantly elevated in the mice fed the HFD. In the mice fed the HFDS, the concentration of mucosal GLP-2 was significantly decreased (Fig. 4) .
Analysis of chemokines.
The chemokines evaluated using the chemokine array (Fig. 5) were quantified using ELISA (Fig. 6 ). As shown in Fig. 5 , the chemokine array suggested elevated concentrations of plasma CXCL5 and SDF-1 in the HFD group, and chemokines in the HFDS group were decreased relative to those in the HFD group. Following the chemokine array, the plasma concentrations of CXCL5 and SDF-1 were determined by ELISA. These chemokines were significantly elevated in the HFD group and the long-term administration of STG significantly suppressed the plasma concentration of CXCL5 and SDF-1 (Fig. 6 ). This indicated that the long-term administration of STG improved metabolic status, even though the body weight and feeding plasma glucose level were not changed.
Discussion
It is well known that obesity, insulin resistance and diabetes are associated with an increased risk of colon cancer (5) . Since DPP-4 inhibitors stabilize incretin hormones, in previous years they have been widely used to treat patients with type 2 diabetes mellitus. In addition, DPP-4 inhibitors stabilize hormones and cytokines, including GLP-2, SDF-1 and CXCL5, which are associated with tumor progression subsequent to long-term use (20) . At present, few studies have examined the connection between DPP-4 inhibitors and colon carcinogenesis. In the present study, the concentration of mucosal GLP-2, plasma SDF-1 and plasma CXCL5 were markedly increased in mice fed a HFD compared with mice fed a ND. Notably, the long-term administration of STG significantly suppressed the concentration of those hormones and chemokines and did not increase the number of intestinal tumors in Apc Min/+ mice. Previously, colon tumors were induced in leptin-deficient (ob/ob) mice using the colon carcinogen 1,2-dimethylhydrazine and dextran sulfate sodium (22) . In this model, the long-term administration of STG significantly suppressed the mucosal expression of IL-6, which was upregulated in the colons of ob/ob mice, and significantly suppressed the number of colon tumors. Ob/ob mice are obese as they harbor a mutation that causes them to eat excessively; the administration of STG did not alter their metabolic status, including their insulin resistance. Additionally, DPP-4 is mainly expressed in the small intestine, but not in the colon, and so DPP-4 inhibitors do not affect the mucosal DPP activity in the colon (17, 23) . Therefore, in the previous study, the effect of a DPP-4 inhibitor on tumorigenesis in the intestines of mice could not be evaluated via assessment of the changes in mucosal DPP and GLP, even though the results provided insights about the role of a DPP-4 inhibitor (22) .
CXCL5 is secreted from adipose tissue during states of obesity and mediates insulin resistance (24) . CXCL5 has a well-established role in stimulating the chemotaxis of angiogenic neutrophils, particularly in response to inflammation (25) . SDF-1 is also secreted from adipose tissue (26) . Since SDF-1 secretion is positively associated with the body mass index in humans and induces insulin resistance, SDF-1 is considered one of the important contributing risk factors for type 2 diabetes (27) . Chemokines such as these are recognized as important angiogenic factors and are reported to be associated with cancer development (28) . Since they undergo N-terminal truncation by DPP-4, DPP-4 inhibition may affect tumorigenesis in the intestine via increased concentrations of CXCL5 and SDF-1. The SDF-1 concentration was reported to be increased in Dpp-4 -/-mice, but whether SDF-1 is primarily regulated by DPP or not remains controversial (29, 30) . In the present study, the number of small intestinal tumors in mice fed a HFD to induce obesity were compared with mice fed a ND diet, and the effects with and without STG were assessed. STG suppressed the mucosal concentration of CXCL5 and SDF-1, which were significantly increased in the mice fed the HFD. Since CXCL5 and SDF-1 are substrates for DPP-4, the administration of STG is hypothesized to increase the concentrations of CXCL5 and SDF-1. However, in the present study, long-term treatment with STG in conditionally obese mice paradoxically suppressed chemokines associated with obesity. Since it has been reported that the administration of SPP-4 inhibitor improved insulin resistance and lipid metabolism (31, 32) , it was hypothesized that the long term administration of STG improved the metabolic status of mice fed a HFD, and as a result the expression of these chemokines was decreased.
The mucosal concentration of GLP-2 in the small intestine was significantly increased in mice fed the HFD compared with the mice fed the ND in the present study. Since luminal nutrients, including fatty acids, stimulate the production and secretion of GLP-2 in the intestinal mucosa, a HFD may contribute to intestinal tumorigenesis via increased mucosal GLP-2 (33, 34) . Chronic exposure to a HFD significantly increases the concentration of plasma GLP-2 and intestinal crypt-villus height (35) . In the present study, similar to CXCL5 and SDF-1, mucosal GLP-2 increased in mice fed the HFD and was significantly decreased by the long-term administration of STG. These results suggest the possibility that the long-term administration of STG may be a treatment option for patients who are obese or have type 2 diabetes and are considered to have an increased risk of developing colonic polyps and cancer. However, the administration of STG generally increases the concentration of GLPs, and the mechanism of the suppressive effect of long-term STG administration on the mucosal concentration of GLP-2 in mice fed a HFD remains to be elucidated. Therefore, additional studies are required.
In conclusion, consistent with previous studies, the present preclinical study demonstrated that chronic exposure to a HFD increased the mucosal concentration of GLP-2, and the concentrations of CXCL5 and SDF-1 in the plasma. However, the long-term administration of STG in combination with HFD suppressed the expression of GLP-2 and the evaluated chemokines. Since the number of mice in the present study was small, the suppressive effect of the DPP-4 inhibitor STG on intestinal carcinogenesis was not determined. However, the long-term administration of STG did not increase intestinal tumors in mice fed a HFD. Pending clinical trials, the present results suggest that STG may be safe and suitable treatment option for patients with type 2 diabetes who are at increased risk of developing colonic polyps and cancer.
